Ambient noise tomography is applied to the significant data resources now available These phase velocity dispersion maps provide information needed to construct 3D shear velocity models of the crust across the entire Tibetan Plateau.
Introduction
Ambient noise tomography based on cross-correlations of long recordings of seismic noise data observed between pairs of stations has proven to be a powerful method to construct surface wave dispersion maps at short and intermediate periods. These surface wave maps provide constraints on crustal structure, which were impossible to obtain from traditional earthquake surface wave tomography due to the strong attenuation and scattering at short periods at teleseismic distances.
Since the first ambient noise tomographic images of Rayleigh wave group speeds in the microseismic band from 5 to 20 appeared in 2004 (Sabra et al. 2005; Shapiro et al. 2005) for southern California based on the earliest data from the EarthScope Transportable Array (TA), this method has become increasingly wide-spread because of its unique ability to constrain crustal structure independent of earthquakes or human-made explosions. Ambient noise tomography has now been applied around the world to image crustal structures, including at regional scales in New Zealand (Lin et al. 2007 ), Southern Africa (Yang et al. 2008a) , Spain (Villasenor et al. 2007 ), Korea (Cho et al. 2007 ), Japan (Nishida et al. 2008) , and the western US (Moschetti et al. 2007; Lin et al. 2008; Yang et al. 2008b ) and at continental scales across Europe ), China (Zheng et al., 2008) , the USA ( Bensen et al. 2008; Bensen et al. 2009 ), Australia (Saygin and Kennett 2010) as well as other places.
Across Tibet and the surrounding regions, numerous global scale teleseseismic earthquake studies of surface wave dispersion have been performed (e.g., Levshin et al. 1994; Villasenor et al. 2001; Friederich 2003; Huang et al. 2003; Shapiro et al. 2004; Levshin et al 2005b; Priestley et al. 2006 and so on). In addition, several regional scale studies based on ambient noise tomography have already been carried out in southeastern Tibet (Yao et al. 2006 ), southern Tibet (Guo et al. 2009 ), and in western Sichuan and eastern Tibet ). The regional studies have all generated high resolution crustal models at regional scales. One common velocity feature observed in these studies is a low velocity zone (LVZ) in the middle/lower crust, which appears to support the middle/lower crustal flow model proposed by (Royden et al. 1997 ) which predicts that upper crustal deformation is decoupled from the motion of the underlying mantle. However, as shown by Yao et al. (2010) , LVZs in the middle/lower crust beneath southeastern Tibet appear to form complex 3D structures with substantial lateral variations in depth, thickness, and strength of velocity anomalies. The lateral and vertical variations of LVZs raise questions, such as, whether the low velocity zones are present ubiquitously across all of Tibet and if they inter-connect to form flowable channels or are isolated and concentrated only in certain areas of Tibet.
To address questions associated with middle/lower crustal flow and interpret crustal structures in the context of larger scale structures, an integrated crustal velocity model is needed. Recently, using data from 47 stations of the China National Seismic Network and 12 other global stations in adjacent regions, large scale group velocity maps at periods from 8 to 60 s have been generated by (Zheng et al. 2008 ) across all of China.
However, due to the limitations imposed by station number and distribution, most of ray paths lie in eastern China and resolution in Tibet is not high enough to detect detailed lateral variations within the crust.
In the past few years, several PASSCAL experiments have been carried out in Tibet. The large number of stations provides unprecedented coverage over the entire Tibetan Plateau. Based on cross-correlations of the continuous data from these stations, we obtain Rayleigh phase velocity dispersion measurements at periods from 6 to 50 sec which are then used to generate phase velocity maps with resolution on the order of 100-200 km. The focus of this paper is on the acquisition and quality control of data set itself, on the ambient noise cross-correlations and dispersion measurements, and the production of the Rayleigh wave phase velocity maps. Love wave maps, assimilation of teleseismic data, and inversion for 3D isotropic and anisotropic structures will be subjects of later contributions.
Data Acquisition and Quality Control
The data used in this study are continuous seismic waveforms recorded at broadband stations that exist in and around Tibet from years 2003-2005 and 2007-2009 from the following networks: (1) Five PASSCAL experiments (Namche Barwa, HI-CLIMB,MIT-CHINA, ASCENT, western Tibet), (2) Chinese Provincial Networks in and around Tibet, (3) FDSN stations (e.g., GSN, GEOSCOPE, GEOFON) and regional networks (KZ and KN) within and around the region of study. Figure 1 and Table 1 summarize these data sets. In total, we process data from approximately 600 stations of which about 250 are from the Chinese Provincial Networks. The operating times of the five PASSCAL experiments are listed in Table 1 Because the stations used in this study have different types of seismometers, especially among the Chinese stations, significant effort must be devoted to data quality control.
The most critical aspect in ambient noise tomography is consistency and accuracy of timing between different networks. Because data from Chinese stations are recorded in Beijing Time, we first correct all the recording times to Greenwich Mean Time (GMT).
We then remove instrument responses from all continuous waveforms, which is necessary to unify the frequency dependent timings recorded at different types of seismometers. In removing the instrument responses, we found a difference in the format of the response files between the PASSCAL stations and the Chinese stations. In the response files of the PASSCAL stations, one additional pole was added to the original response files, which was intended to convert velocity data to displacement data.
On the other hand, in the response files of the Chinese stations, the original response files of the seismometers are kept, which means the waveforms of Chinese stations after instrument response removal are velocity data. To ensure the consistency of the data, we added an additional pole to individual response files of the Chinese stations, which converted all data to displacement. (Fig. 2b) . This results from the pi/2 phase difference between velocity and displacement. Upon adding one additional pole in the response files of the Chinese stations, equivalent to converting all waveforms to displacement, the surface wave signals at the two components are nearly identical (Fig.2c) . This is as expected because the two components represent surface waves propagating in opposite directions but sensing the same medium between the two stations.
After removing instrument responses from the waveforms using consistent response files, we then check the vertical polarities of all stations by comparing the waveforms of first P arrivals from large teleseismic events. We find all PASSCAL stations and Chinese stations in this study have vertical polarizations consistent with the FDSN stations. Furthermore, we check for possible timing errors for each station using two methods.
First, the direct method is to compare the two-sided arrivals of inter-station crosscorrelation, as shown in Figure 2 . If one station has a timing error, the resulting difference of arrival times of surface wave signals between the positive and negative components will be twice the error; otherwise it will be nearly zero. This method was used to detect station timing errors in California (Stehly et al. 2007 ). However, because strong noise energy usually comes from coastlines and noise energy attenuates when propagating inland , surface wave signals from a crosscorrelation are typically not symmetric. In some cases only one component has a high signal-to-noise ratio (SNR), which renders this method invalid. The second method to check for timing errors is performed during tomography. First, we create a somewhat overly smoothed tomographic map to avoid generating local phase velocity anomalies introduced by timing errors at a station. After the tomography, we calculate average misfit of travel times for each station. Because each station has numerous inter-station phase velocity measurements with other stations and the bearings of the corresponding inter-station paths align in various azimuthal directions, the average misfit should be very close to zero. We discard stations with average misfits larger than five seconds. The number of stations discarded in this step is only 15, quite small compared to the total ~600 stations. All of those stations are Chinese stations except for one station, C10, from the ASCENT experiment.
Data processing and selection
The data processing procedures we adopt here follow those of (Bensen et al. 2007) except in one step: temporal normalization. In Bensen et al. (2007) , a running-absolutemean normalization is applied to seismic waveforms to suppress the effects of In this study, we only process vertical component ambient noise, so that the crosscorrelations we obtain contain only Rayleigh wave signals. We filter the data at periods between 4 and 60 sec. After obtaining all inter-station cross-correlations, we calculate the period-dependent signal-to-noise (SNR) from the symmetric components. SNR is defined as the ratio of the peak amplitude within a time window containing the surface wave signals to the rootmean-square of the noise trailing the signal arrival window. Figure 5 presents the average SNR as a function of period for cross-correlations among PASSCAL stations (red lines), among Chinese stations (blue lines), and between PASSCAL stations and Chinese stations (black lines), segregated into three inter-station distance ranges: three wavelengths to 500 km, 500-1000 km, and 1000-1500 km. SNR is higher for crosscorrelations among PASSCAL stations than among Chinese stations at all periods and distance ranges, and is similar for cross correlations among Chinese stations and between Chinese and PASSCAL stations. Data quality from Chinese stations, therefore, is lower than that from PASSCAL stations, consistent with the observations of the unusual spikes and irregularities that affect some of the Chinese network. The patterns of SNR with period are similar for measurements from both PASSCAL and Chinese stations. SNR is highest at the microseism band (5-20 s). The peak SNR is around 15 s, at the center of the primary microseism band (10-20 s), which is consistent with ambient noise studies in the USA (e.g. Bensen et al., 2008) . SNR decreases with inter-station distance ( Fig. 5a to 5c) due to scattering and attenuation. The SNR difference between the PASSCAL and Chinese stations is relatively greatest at the longer periods because the instrument response for many of the Chinese stations rolls off more rapidly above ~25 sec period.
After obtaining all cross-correlations and calculating SNR, three selection criteria are applied prior to tomography. The number of measurements remaining after each selection step is plotted in Figure 6 , segregated by measurements among PASSCAL stations ( Fig.6a ) and among Chinese stations (Fig. 6b) . First, we accept measurements only when the distance between the two stations is greater than three wavelengths. The number of measurements rejected by this criterion is quite small, ~10% at short periods, but increases to ~20% at long periods. For example, the wavelength of Rayleigh wave at 50 sec period is ~160 km, which requires inter-station distances longer than 480 km.
Second, we use SNR to select acceptable measurements. At individual periods, only those measurements with SNR higher than 15 are accepted. This criterion rejects more than half of all measurements. In particular, more than 90% measurements from Chinese stations at periods longer than 30 sec are rejected, because the Chinese seismometers have a corner period of 30 sec at the long period end. Third, we require that the dispersion measurements agree with one another across the data set. That is, most of measurements should be able to be fit well during tomography. This condition is applied during tomography. This last step rejects a small portion of data, typically less than 5% of the number remaining after the second step. We finally obtain between ~5000 and ~45000 phase speed measurements as a function of period from 6 to 50 sec (Fig. 7) . The number of measurements reaches a maximum between periods of 10 and 20 sec; i.e., in the primary microseismic band, and then decreases with period so that at 50 sec there are only about 5000 measurements.
The azimuthal distributions of SNR (Fig. 8a-c ) and path number ( Fig. 8d-f (Fig. 8d) and a large number of paths among Chinese stations align in the NE-SW direction (Fig.8e) .
The variations of path number with azimuth are mainly due to the spatial distributions of stations but are not due to azimuthal variations of the strength of ambient noise. For example, most of the Chinese stations are located along the NE-SW strike in the eastern part of our study region (Fig. 1) , which results in the observed large number of paths in the this direction (Fig. 8e) . For measurements among all the stations (i.e., the total measurements used in the final surface wave tomography), the azimuthal distribution of paths is quite homogeneous and uniform (Fig. 8f) , which is good for resolution in surface wave tomography, particularly for extracting information about azimuthal anisotropy that will be pursued in a future study. These observations also highlight the advantage of ambient noise in providing homogenous ray coverage for surface wave tomography.
Phase velocity measurements and surface wave tomography
We measure phase velocity dispersion curves by automatic frequency-time analysis (FTAN). As illustrated by Bensen et al. (2007) and Lin et al. (2007) , phase velocity measurements are much more accurate than group velocity measurements. Phase velocity is measured from instantaneous phase by reconciling the phase ambiguity. We follow Lin et al. (2007) to resolve the phase ambiguity by tracing phase velocity dispersion curves from long periods to short periods, because reference dispersion curves are more reliable at long periods (e.g., Shapiro and Ritzwoller 2002) . Some cross-correlations, however, contain surface wave signals only at periods shorter than 40 sec. To resolve this problem, we first perform a smoothed tomography using phase velocity dispersion measurements only from those cross-correlations that have the longest period of surface wave signals greater than 40 sec. With these dispersion measurements, we are able to construct smoothed phase velocity maps in a period range from 6 to 50 sec. Using the resulting smoothed phase velocity maps as a new reference, we perform the FTAN on the remaining cross-correlations containing only surface wave signals at periods shorter than 40 sec to obtain the resulting dispersion curves. However, at periods longer than 12 sec, phase velocities in the Sichuan Basin are higher than in southeastern Tibet, indicating colder and stronger crust and perhaps uppermost mantle beneath the Sichuan Basin.
Rayleigh wave phase velocity dispersion measurements are used to invert for phase velocity maps on a 1 o ×1 o spatial grid using the tomographic method of (Barmin et al. 2001 ). This method is based on minimizing a penalty functional composed of a linear combination of data misfit, model smoothness, and the perturbation to a reference model for isotropic wave velocity. The choice of the damping parameters is subjective, but we perform a number of tests using different combinations of parameters to determine reasonable values by considering data misfit, model resolution, and model smoothness.
During tomography, resolution is also simultaneously estimated by using the method described by Barmin et al. (2001) with modifications presented by Levshin et al. (2005a) .
Each row of the resolution matrix is a resolution surface (or kernel) for a specific grid node. We summarize the information of the resolution surface at each spatial node by where stations are sparse. At long periods, the area with good path coverage shrinks and resolution reduces gradually due to the decrease in the number of measurements (Fig. 7) .
Histograms of data misfits from the tomography at the three periods of 12, 25 and 40 sec are plotted in Figure 11 , segregated for measurements among PASSCAL stations, among Chinese stations, and among all stations. Misfits of measurements among PASSCAL stations and among Chinese stations are similar with nearly the same standard deviations of ~1.7 sec. This means that the measurements that pass our selection criteria, particularly SNR>15, obtained from the Chinese stations are probably as good as those from PASSCAL stations.
Phase velocity maps: discussion
Sample phase velocity maps at periods of 8, 12, 18, 25, 35 and 50 sec are plotted in Figure 12 as perturbations relative to the average values at each individual period: 3.06 km/s, 3.11km/s, 3.22 km/s, 3.35 km/s, 3.53 km/s, and 3.77 km/s, respectively. The features of the phase velocity maps vary gradually with period due to the overlap of the Rayleigh wave depth-sensitivity kernels. The depth of maximum phase velocity sensitivity of Rayleigh waves to shear velocity is about one-third of a wavelength. To guide quantitative interpretation, shear velocity sensitivity kernels of Rayleigh phase velocities are plotted in Figure 13 . The 1D Vs model used to construct the kernels is taken at (92.0E, 32.0N) from the model of Shapiro and Ritzwoller (2002) . Figure 14 identifies the locations of some of the major geological and tectonic features observed in the Rayleigh phase velocity maps as well as a model of sediment thickness.
At the short-period end of this study (6-14 sec), phase velocities are dominantly sensitive to shear velocities in the upper crust. Because seismic velocities of sediments are much slower than those of crystalline rocks, sedimentary basins appear as short-period low velocity anomalies. The 8 and 12 sec phase velocity maps shown in Figure 12a At long periods (>30 sec), Rayleigh waves become primarily sensitive to crustal thickness and the shear velocities in the lower crust and uppermost mantle (Fig. 13) .
The phase velocity maps at periods from 25 to 50 sec are inversely correlated with crustal thickness, with high velocities in regions with thin crust and low velocities in regions with thick crust (Fig.12c-e) . Very high velocity anomalies at 25-50 sec periods are centered in the Tarim Basin, the Ordos Block and the Sichuan Basin, especially pronounced at 35 sec period (Fig.12e ). This indicates a cold and strong lower crust and mantle lithosphere in these regions because phase velocities at these periods mainly reflect shear velocities in the lower crust and uppermost mantle. These strong high velocity blocks may inhibit the extension of deformation and uplift of the Tibetan Plateau, resulting in the very sharp topography contrasts over the Tibetan margins along the southern Tarim Basin and the western Sichuan Basin. Low velocities observed in eastern Tibet appear to bifurcate west of the Sichuan Basin, perhaps resulting from the Sichuan Basin obstructing crustal flow (Royden et al. 2008) . Based on geophysical and geological studies that indicate that most of the eastern and southeastern margins of the Tibetan Plateau have been uplifted without apparent shortening at the surface, a lower crust material flow model was proposed to explain the elevated topography and crustal thickening along the eastern and southeastern plateau margin by Royden et al. (1997) and Clark and Royden (2000) . (Arnaud et al. 1992; Turner et al. 1993; Turner et al. 1996) in northern Tibet, which suggests that the crust and uppermost mantle in northern Tibet could be hot and contain partial melt in the middle/lower crust where velocities are lowest. The imaged low phase velocities are consistent with low Pn velocities observed in the Qangtan and SongpanGanze terranes by Liang and Song (2006) and also correlate with the observations of inefficient Sn propagation due to high temperature in the uppermost mantle (McNamara et al. 1995) . The apparent phase velocity variations in the Tibetan Plateau imply that the high elevation and thick crust of the plateau may be created and maintained in different ways with spatial and perhaps temporal variations (Owens and Zandt 1997) even though the topography and crustal thickness are nearly uniform across the entire Tibetan Plateau.
Several small patches of low velocities at intermediate periods (20-40 sec) in southern
Tibet are also imaged (Fig.12d and 12e) . The locations of these low velocities are mostly coincident with the rift zones in southern Tibet, implying that rifts observed at the surface may be related to low velocities in the middle/lower crust and have a deep-seated origin. This is consistent with the observations from seismic refraction surveys (Cogan et al. 1998 ). Based on magnetotelluric data from the Tibetan-Himalayan orogen, Unsworth et al. (2005) showed that low resistivity is present in the middle/lower crust in the southern margin of the Tibetan plateau. Because electrical resistivity is sensitive to the presence of interconnected fluids in the host rock matrix, they interpret the low resistivity zone as a partially molten layer. Our observed low velocities at intermediate periods in southern Tibet may also reflect a partially melted layer.
Summary
We apply ambient noise tomography to significant data resources available across Tibet and the surrounding regions, including seismic stations from the permanent Federation of Digital Seismographic Networks (FDSN), several temporary US PASSCAL installations in and around Tibet, and the Chinese provincial networks surrounding Tibet.
These networks comprise about 600 stations, which yield between 5000 and 45000 dispersion measurements depending on period and provide unprecedented path coverage across the entire Tibetan Plateau. We devote considerable effort to data quality control by checking instrument responses, comparing the two-sided arrivals in the cross-correlations, comparing SNR and analyzing data coherence during tomography.
Data quality from Chinese stations is overall lower than that from PASSCAL stations. The phase velocity dispersion maps generated in this study provide a great deal of new information about shear velocities in the crust and uppermost mantle across Tibet.
Inversion of these data for the 3-D Vs structure of the crust and uppermost mantle will be the subject of a future study.
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